The paper presents the first complete set of test results obtained from quasi-static measurements of the out-of-plane tension, shear and compression properties of novel XCor™ and K-Cor™ flat sandwich panels. The cured panels were composed of 0.75mm thick quasi-isotropic IM7/8552 skins, separated by 12.7 mm thick Rohacell ® foam core containing 0.51 mm diameter carbon fibre pins (Z-Fiber ® ), arranged in a truss pattern at pin angle of either 22° or 30° to the vertical. To obtain a suitable baseline comparison, the equivalent set of properties was measured for Nomex honeycomb core panels sandwiched by the same composite skins. The novel Z-pinned cores are found to exhibit higher specific stiffness than conventional sandwich cores, but lower strength.
concentrated on their resistance to impact loading and compression after impact [3 -6] .
The basic conclusion was that the mechanical properties studied were strongly influenced by the angle at which the pins had been inserted into the foam core, with an angle of 10° exhibiting better in out-of-plane indentation resistance than equivalent samples with insertion angle of 20°. In a later study O'Brien and Paris found the strength of the bond between the core and the skins to be the limiting factor under uniaxial tension, three-point bending and combined tension and bending loading conditions [7] . The work reported here was carried out in the context of considering a wide spectrum of applications for these sandwich structures; automotive and naval as well as aerospace. For this reason the emphasis was placed on obtaining basic quasistatic properties in the first instance and on their comparison to the response of Nomex honeycomb panels under equivalent modes of loading.
Data on the out-of-plane properties of a sandwich construction or of a type of core are required for design purposes. A sandwich structure is usually designed to bear out-ofplane shear stresses caused by bending moments acting on the skins. The overall bending deformation is dominated by the deformation of the skins while the core stabilises the faces against global and local buckling.
The out-of-plane tension test characterises primarily the strength of the core-skin interface. The out-of-plane shear test characterises the core behaviour as a part of the whole sandwich structure, as the skins play a minor part under this loading condition.
The out-of-plane compression test determines the compression stiffness and strength of the core. It would be expected that the mechanical properties of the X/K-Cor™ products are mainly influenced by the Z-pin densities used, the pin insertion angle and the pin lay-out in the core. The angle of the pins in the truss will alter the balance between the shear and compression properties [1] [2] . The testing reported here was carried out to explore and quantify this balance. Table 1 summarises the types of cores used in the study, together with their relevant attributes. The 'hollow' X-Cor and K-Cor were obtained by chemically removing the Rohacell foam, by a process which does not affect the Z-pins. These hollow cores were then combined with 6-ply skins of IM7 tape, prepregged with 8552 resin, in quasiisotropic lay-up configuration, and cured to a nominal final skin thickness of 0.75mm.
MATERIALS AND METHODS
The film adhesive used to co-cure the prepreg skins onto K-Cor preform was Redux 322
and a 180° C cure with a 120° C dwell was used.
In the tests in which the sandwich specimen facings were required to be bonded to other metal parts the adhesive used was Redux 420A Araldite and the best performance was obtained for 150 minute cure at 70°C under slight pressure. The surfaces to be glued were abraded with sandpaper and cleaned with acetone.
Out-of-plane tension test
The test was carried out according to ASTM C297 standard, the load being transmitted to the sandwich through thick loading blocks bonded to the sandwich skins. These loading blocks must be sufficiently stiff to keep the bonded facings flat under load.
Accurate alignment of the specimen and of the fixtures is critical. The schematic of the test setup is shown in Fig.3 . The tests were carried out at a constant crosshead speed of 0.5mm/min. Failure of the bond between the loading blocks and the facings is not considered a valid failure for the purpose of this test. 
Out-of-plane shear test
The test method used, ASTM C 273, allows the determination of shear properties of sandwich constructions or cores, associated with shear distortion of planes parallel to the facings. As for other shear tests developed in recent years the objective is to maximise shear stress and minimise extraneous induced stresses in the specimen [8] .
The test configuration does not produce a pure shear stress state in the specimen, but the specimen geometry is prescribed so as to minimise secondary stresses [9] . The test can be conducted on a core bonded directly to the loading plates or on the sandwich with its skins bonded to the plates. For the pinned cores the presence of the skins is necessary to guarantee representative constraint at pin ends. Fig.4 shows the fixture with all the main parts labelled. According to the test protocol the specimen should have a thickness equal to the thickness of the sandwich and a width not less than 50mm. The requirement on the length in order to minimize secondary stresses is to be at least 12 times the thickness and having the line of action of the direct tensile force passing through the diagonally opposite corners of the sandwich, as shown in Fig.4 . The nominal dimensions chosen for the specimen are listed in Table 2 .
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The load is applied at the ends of the rigid plates so as to distribute the load uniformly across the width of the specimen. According to reference [11] , the shear strain is approximately uniform in the central part of the specimen, but it starts to decrease at a length of about one half of the core thickness from the free edges, where it becomes zero. The constant rate of movement of the cross head was set at 0.5mm/min. The tensile shear plates are attached to the loading fixture with bolts. The relative displacements between the steel plates in both the longitudinal and the transversal directions were measured by two LVDTs positioned as close as possible to the centre lines of the specimen in order to limit the influence of the plate bending on the results [9] .
The shear stress τ is calculated by dividing the load P by the effective area A eff . For the Nomex specimens the effective area is simply the product of the length and the width of 
(2)
Out-of-plane compression test
This test, performed according to the ASTM C365 standard, is used to determine the out-of-plane compressive strength and modulus and to investigate the failure mechanisms under this loading condition for a sandwich core. The quasi-static compression tests were conducted at a constant cross head speed of 0.5mm/min (corresponding to a nominal strain rate of 10 -4 s -1 ) on sandwich specimens of nominal dimensions 40 x 40 mm.
RESULTS AND DISCUSSION
Data analysis method for Z-pinned cores: load-bearing pin approach
The determination of the effective cross-section area of the specimen A eff , which is used in the calculations of the out-of-plane stresses and moduli, is based on the actual number of load-bearing pins in each sample. A similar approach discounts any pins which are damaged and not correctly fastened to both skins from the calculation [12].
Such pins are usually found at the edges of the specimens (see Fig.5 ). The theoretical areal pin density ρ th represents the theoretical number of load-bearing pins in a unit area and is determined as follows: The tests were all displacement controlled. Figure 6 shows examples of stress-strain curves for Nomex, K-Cor (30° pin angle) and X-Cor (22° pin angle) samples. The values for tensile strength and modulus obtained for the different types of sandwich are summarised in Table 3 . There is relatively little difference between the modulus values of the K-Cor and X-Cor samples; both cases are above those measured for the Nomex samples. Measurements of the tensile strength, however, provide a much greater differentiation between the different materials. As might be expected, the strength of the X-Cor with the 22° pin angle is higher than that Tables 1 and 4 and Fig.10 ) and proved to be negligible. The shear strength of the foam alone was found to be about 0.4MPa. This value corresponds to the post-failure plateau in the stress-strain curve of the K-Cor, shown in Fig.8 .
Out-of plane tension test results
Out-of-plane compression test results
The role of the foam was investigated further, by subjecting hollow K-Cor and hollow X-Cor samples to compression. Unlike in shear, the role of the foam in now nonnegligible, especially in the K-Cor (see Fig. 11 and Table 5 ). This is not particularly surprising [13] , as the foam is likely to act by delaying the pin buckling failure which would otherwise occur in unsupported pins subjected to compression -see Fig.12 . The behaviour exhibited by both the X/K-Cor and by the X/K-Cor without foam is indicative of a buckling failure mechanism, observed in the testing and confirmed by the stress-strains diagrams. After an initial linear increase in the stress, there is a fairly sharp drop, followed by a collapse regime. As with the other modes of mechanical loading, Nomex exhibits higher strength but lower stiffness than the pin core sandwich panels.
CONCLUSIONS
For the set of materials used in this early study, manufacturing procedures and the range of test configurations employed, Nomex honeycomb sandwich panels outperformed the pinned-core sandwich panels in terms of ultimate strength. However, when the sandwich panel stiffness is the key design parameter, the choice of a pinned core would be appropriate. In a real application, the choice of core may also be influenced by the possible advantage of having a water ingress resistant foam core instead of a honeycomb core. If the absolute weight is the overriding issue, for the configuration of the X-Cor sandwich panels tested, the Rohacell foam may be removed without a significant performance penalty, except for situations where compressive loads are likely to occur. The potential weight saving by foam removal can be close to 50%.
From the above presented mechanical property data and failure investigations it would appear that the way in which the Z-pins anchor into the sandwich skins and how these pins tips react to applied stresses, is the critical failure determining factor. The failure processes are characterised by pin pull-out (in X-Cor), pin end debond (K-Cor) and, in shear, rotation of those pins which are opposed to the loading direction. It is the movement of these pin tips which determines the extent of the opening of the specimen during shear loading. TABLES Table 1   Table 2   Table 3 Core type Attributes Table 4   Table 5 hollow X-Cor (θ=22°) 
